The evaluation of the effect of tunnel construction on buildings is a problem being faced by engineers around the world. Building bending stiffness is an important parameter in tunnel-soil-structure interaction analyses. The construction of a new tunnel influences an existing building via induced ground movements, and the existence of a building also affects ground displacements due to tunnelling via its stiffness and weight. The magnitude of the effect depends on the properties of the building and foundation as well as the complex soil-structure interactions that occur. In this paper, an approach is proposed in which the building response to tunnelling is related to the bending of a cantilever beam and empirical-type relationships are developed to predict building bending stiffness. This approach is relevant to cases where the building is perpendicular to the tunnel axis and its nearest edge does not overlap more than half of the tunnel cross-section. Rigorous finite element analyses are used to evaluate the response of buildings to ground displacements and expressions are provided which relate three-dimensional building bend- * Corresponding author
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Introduction 4
The popularity of tunnel construction within urban areas for provision by Meyerhof (1953) to increase the flexural rigidity of an entire beam line in 44 a rigidly connected frame:
where as the ratio of the applied load to the resulting displacement of the building. 
Methodology

69
In this work, the building is treated as an independent entity with respect two beams in the direction perpendicular to the tunnel (x-axis in Figure 1 ).
96
The slab and beams in a floor are considered as a single entity, rather than 97 separate structural elements, as shown in Figure 3a . . considered. The term K b is used in this paper to denote bending stiffness.
112
The methodology considers the contribution of the various structural 
124
In the analysis, the following assumptions were made.
[i] The building 125 material is concrete and the behaviour of all structural members is elastic.
126
[ii] The building is weightless.
[iii] All joints in the building are rigidly con- the slab as one rigid body, and is calculated using the parallel axis theorem.
158
Numerical simulations were conducted to consider a range of sizes of the 159 structural parts, as shown in Table 1 
where P nodes is the sum of the nodal reaction forces created by the applied 164 displacements, and ∆ applied is the applied displacement.
165 Figure 4a shows the ratio of floor bending stiffness calculated using Equa- 
223
To summarise, the analytically computed bending stiffness of the floor is satisfactory when L sl /B sl > 1.25; otherwise it should be divided by C bf to
obtain a good approximation of the numerical bending stiffness of the floor:
where K b,f l,eq,f ix is the equivalent bending stiffness of the fixed support floor
224
(subscript eq denotes an equivalent parameter based on a curve-fitting coef- 
297
The results show that the equivalent values using Equation 9 give a satisfac-298 tory match to the numerical results. The ratio of column stiffness to that of the upper floor can be used as a 314 parameter to quantify this effect. In this way, the column stiffness takes into 315 account the distance between floors. When the global building system is con-sidered, the influence of the distance from the foundation to the considered 317 floor is also important. Based on these two factors, a column-floor stiffening 318 effect coefficient C cf is introduced:
where subscript i indicates a measurement for the i th floor, L col,i is column Figure 10 was fitted using the following expression:
The stiffness contribution of each storey is obtained by multiplying C Kus,i by its floor bending stiffness, K b,f l,eq,i,1y (note that, based on assumption tions:
where m is the total number of storeys. Figure 11 compares the bending 337 stiffness of single y-bay buildings computed using the proposed method (using above the tunnel centreline to zero at the first column in the unaffected zone.
380
The analytical bending stiffness of a beam subjected to multiple loads is significantly more complicated than for a single load. A simplified method for approximating bending stiffness of a beam subjected to multiple loads is proposed using the following expression:
where P is a concentrated load, ∆ b is deflection at the location of P , L b is the 381 distance from P to the end of the affected zone (i.e. beginning of the assumed 388 when the beam is subjected to a single force at its end.
389
A reduction factor, C K,reduct , is defined as the ratio of the bending stiffness Figure 15b shows results for the same building but with additional storeys added; a slight increase in the value of C K,reduct is noted for multi-storey buildings. Based on these numerical results, C K,reduct can be expressed as: should correspond to the location of a building column.
402
The final value of the building bending stiffness, K b,eq,bldg , can be calculated using:
where C K,reduct = 1 if tunnelling settlements only affect the first x-bay or 403 calculated using Equation 17 otherwise. single y-bay building with the parameters given in Table 3 . Figure 17b .
460
If the building was more than 6 storeys, the Goh and Mair (2014) 
526
The analytical expression of a cantilever beam was first adjusted to quan- 
559
Three bays in the x-directions are affected by tunnelling. 
562
The calculation is summarised in Table A predictions and effects. Geological Society, London, Engineering Geology
